Reinforced concrete (RC) buildings in Nepal are constructed with RC frames and masonry infi ll panels. These structures exhibit a highly non-linear inelastic behavior resulting from the interaction between the panels and frames. This paper presents an extensive case study of existing RC buildings in Nepal. Non-linear analyses were performed on structural models of the buildings considered as a bare frame and with masonry infi ll, in order to evaluate the infl uence of infi ll walls on the failure mechanisms. Five three-storey buildings with different structural confi gurations and detailing were selected. The effect of masonry infi ll panels on structural response was delineated by comparing the bare-framed response with the infi ll response. Seismic performance is evaluated with regard to global strength, stiffness, energy dissipation, inter-storey drift, and total defl ection of the structure. A parametric analysis of structures with masonry infi ll is also performed. For this, the infl uence of different material properties is studied, namely diagonal compressive stress, modulus of elasticity and tensile stress of masonry infi ll panels. Study results show that masonry infi ll increases the global strength and stiffness of the structures; it decreases the inter-storey drift and hence the total displacement of the structure. The results quantify the infl uence of the infi ll panels on structural response and, in particular, the effect of the diagonal compressive strength of the masonry wall.
Introduction
Reinforced concrete frame structures with masonry infi ll are extensively used in urban areas of Nepal. In rural areas most of the buildings are built with adobe, brick with mud mortar, brick with cement mortar, stone with mud mortar, stone with cement mortar and wood (JICA, 2002) . Brick masonry is the most common infi ll material in Nepal because of its abundance, low cost, good sound and heat insulation properties, and the availability of skilled labor in this construction technique. Masonry panels are usually built up after the frames and fl oor structures have been constructed. There is a lack of structural design standards for masonry infi ll walls since they are normally treated as non-structural components. However, they will interact with the surrounding frame in the event of an earthquake. The construction of frame and masonry infi ll in different ways, especially due to their difference in stiffness, causes complex behavior during seismic excitation. The ability to assess the seismic performance of these structures is of great importance from the point of view of seismic risk mitigation and human safety.
RC buildings are normally designed and analyzed as a bare frame without considering the contribution of the infi ll material to strength and stiffness. However, during earthquakes, infi ll walls modify the response of the structure which is different from that of the bare frame. Signifi cant experimental and analytical research has been reported in the literature on the benefi cial as well as ill effects of infi ll walls (Dhaneseka and Page, 1986; Crisafulli, 1997) . Much of the research has concluded that infi ll walls increase the global strength, stiffness, damping, and energy dissipation capacity of structures. Infi ll decreases the inter-storey drift and hence the total defl ection of the structure (Varum, 2003; Rodrigues et al., 2010) . The pushover curve of an infi ll frame can be quite different from that of the corresponding bare frame. The presence of infi ll panels modifi es the typical elasticperfectly plastic response curve by giving it a higher peak strength and a descending branch enclosed within a short displacement range (Dolsek and Fajfar, 2005) . However, infi ll can also have some ill effects on the building such as 'soft storey', short-column effect, and torsion. The behavior of the infi ll is highly dependent on the quality of material, workmanship, and frame-infi ll interface. Thus, modeling infi ll frames is a complex process because these structures exhibit a highly nonlinear inelastic behavior resulting from the interaction of the masonry infi ll panel and the surrounding frame.
In this context, the present study is an extensive case study/analysis of existing RC framed buildings in a highly seismically active region of Nepal (see Fig. 1 ). Non-linear analyses were performed on structural models of each of the buildings, both as a bare-framed structure and with infi ll, in order to evaluate the infl uence of infi ll walls on the failure mechanisms. For this, fi ve threestorey buildings with different structural confi gurations and details were selected for analysis. The effect of masonry infi ll on the response of structures is quantifi ed by comparing the frame-infi ll response with the frameonly response. The seismic performance evaluation assessed global strength, stiffness, energy dissipation, inter-storey drift, and total displacement of structures. Furthermore, a parametric analysis of RC structures with masonry infi ll is performed and the infl uence of various parameters, viz., diagonal compressive stress, modulus of elasticity and tensile stress of masonry infi ll, quantifi ed.
RC buildings with masonry infi ll in Nepal
and standard recommendations
Infl uence of masonry infi ll panel on RC framed structure
History reveals the occurrence of a large earthquake every 60-70 years in Nepal and the history of construction practices of RC buildings is only 30-40 years old (UNDP, 1994) . With such a short history, these structures have very limited or negligible experience of damage in past earthquakes. Nepal can however, learn important lessons from past earthquakes in India, Pakistan, Indonesia and Turkey since the building construction trends, practices and seismic hazard level of these countries are similar to those of Nepal. Experience of damage to buildings in past earthquakes indicate that masonry infi ll can drastically modify the structural response from anticipated, attracting forces to parts of the structure not designed to resist them (Paulay and Priestley, 1992) . The contribution of infi ll to the building response can be positive or negative, depending on the underlying phenomena and parameters such as, for example, relative stiffness and strength between the frames and the masonry walls (Mainstone, 1971) .
Common failure modes in masonry panels observed in past earthquakes in India, Pakistan, Turkey, and Indonesia are presented in Figs. 2 and 3. As indicated in the fi gures, during earthquakes, there may be a change in the out-of-plane tilting infi ll panel, out of plane failure of infi ll wall, and diagonal failures. In certain situations, short-column mechanism may occur in a building when the RC frame bay is partially fi lled with brick masonry, leaving wide openings for windows; during an earthquake large concentrations of stresses may occur at the corners of the openings. However, sometimes infi ll can protect the structure from failure (Vicente et al., 2012) . In Fig. 3(c) , the building is supported by infi ll walls even after the column has failed.
Use of masonry infi ll in common RC buildings in Nepal
Most of the RC building construction in Nepal is based on RC frames with masonry infi ll walls. Infi ll walls are constructed either fl oor-by-fl oor immediately after construction of RC structures at each fl oor or after the completion of whole frame structure. Most of these buildings have between two and six storeys, but the 
Standard recommendations
RC framed buildings with masonry infi ll walls are usually analysed and designed as bare frames, without considering the contribution of the infi ll walls to strength and stiffness. However, during earthquakes, these infi ll walls contribute to the response of the structure and the behaviour of a fi lled frame is different from that predicted for bare framed structures. Different codes and guidelines have been proposed on how to incorporate the infi ll wall into the design/construction of the moment resisting frame.
Nepal Building Code (NBC 205, 1994) provides some provisions in terms of dimensions and details for up to three-storey RC framed buildings. Likewise, the Indian standards code recommends linear elastic analysis of the bare frame structure excluding the effect of brick infi ll (IS 1893 (IS , 2002 . Eurocode 8 treats brick masonry in-fi lled RC frames as 'dual' systems, which are classifi ed into three ductility classes; high, medium and low (Eurocode 8, 2004) . EC8 specifi es that the period of a structure to be used to evaluate the seismic base shear shall be the average of that for the bare frame and for the elastic infi ll frame. Frame member demands are then determined by modelling the frame structure without the infi ll. The international guidelines FEMA-273 (1997) and FEMA-356 (2000) include a procedure to assess the structural response of buildings, considering infi lls. As per these documents, masonry infi ll panels shall be represented by the equivalent diagonal struts. The struts may be placed concentrically across the diagonals, or eccentrically to evaluate the effect of infi ll on the columns directly. The shear behaviour of masonry infi ll panels is considered as a deformation control action.
Limit states for different moment resisting frame structures
The defi nition of limit states for structures with and without masonry infi ll walls can be directly related to the inter-storey drift demand. The selection of the appropriate drift associated with different levels of damage for the design is signifi cant in terms of cost and safety of the structures; the identifi cation of drift levels associated with different states of damage remains one of the unsolved issues in the development of performance objectives. However, researchers have proposed different limit states for assessing the performance of the structures. Magenes and Pampanin (2004) proposed an empirical relationship for the damage level of a masonry infi ll panel corresponding to a certain limit state, based on the axial deformation. For example, an inter-storey drift value in the range of 0.4%-1.0% can be associated with the failure of the infi ll panel. The FEMA-306 (1997) and FEMA-307 (1999) documents also provide reference values of inter-storey drift ratios for RC buildings with masonry infi ll panels. The drift limits proposed differ with the type of masonry, from 1.5% for brick masonry to 2.5% for un-grouted concrete block masonry. These documents also indicate a drift reference value of 0.25% for the initiation of diagonal cracking (Bell and Davidson, 2001) . Drifts around 0.2% are recommended for brick masonry infi lls in contact with the surrounding frame, whereas 0.5% is more appropriate for plywood, plaster, gypsum, and similar lightweight panels (Freeman, 1977) . FEMA-356 (2000) proposed the limit of 0.2% drift for fully operational, 0.5% for operational, 1.5% for life safety (extensive damage), and 2.5% for near collapse. However, Ghobarah (2004) proposed drift limit for both ductile, non-ductile moment resisting frames (MRF) and MRFs with infi ll. The maximum drifts associated with various damage levels is presented in Table 1 and these criteria will be used for the present assessment.
Description of the studied building structures
Five existing RC moment-resisting frame (RC-MRF) structures with and without masonry infi ll walls are selected for analysis. All these building confi gurations are typical of seismically active regions, where the vast majority of dwellings are RC buildings with similar structural characteristics (Chaulagain et al., 2014) . The fi rst two of the buildings studied are representative of non-engineered construction, namely: (a) NRCB1 and (b) NRCB2. The third and fourth are engineered RC-MRF constructions, denoted as: (c) NRCB3 and (d) NRCB4. The remaining building is a well designed structure, denoted as NRCB5. Non-engineered buildings (mostly owner built construction) are those constructed without technical advice; these buildings are usually built informally without following specifi c engineering guidelines. Engineered buildings are built according to standard engineering guidelines. Many of the newly constructed RC buildings in urban areas of Nepal are likely to be of this type (see Fig. 6 ). The well designed structure is constructed based on the standard seismic code, with ductile detailing appropriate for a IS1893:2002 , IS13920:1993 . The fi rst two buildings are non-engineered RC-MRF structures with square (NRCB1) and rectangular plan confi guration (NRCB2), respectively, built in the southern part of Kathmandu valley. All buildings of this type have 3 m inter-storey height in all storeys. The NRCB1 model has 4 rooms per storey whereas NRCB2 has 6. The NRCB1 building model is 9 m × 9 m with three moment-resisting systems in both the X and Y directions. Beam size of NRCB5 structure is 230 mm × 325 mm. All the interior, façade and corner columns of building models NRCB3 and NRCB4 are C1, C2 and C3 respectively unless stated otherwise. Vol.15 load combination is considered according to IS 456-2000 IS 456- (2000 . Details of building model NRCB5 are presented in Fig. 11 . All aforementioned structures are typical threestorey residential buildings constructed in different locations in the Kathmandu valley. The arrangement of brick walls is as shown in Figs. 7-11. The grade of concrete used is M20 (characteristics strength of concrete = 20 N/mm 2 ) and the steel is Fe415 (yield strength of steel = 415 N/mm 2 ). For concrete, the modulus of elasticity is taken as that recommended by IS 456, that is, 5700f ck MPa, where f ck is 28-days characteristic cube 
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Numerical modeling
In the present study numerical analyses of the structures were performed using SeismoStruct (SeismoSoft, 2006) computer program which is capable of predicting large displacement behavior of space frames under static or dynamic loading, taking into account both geometric nonlinearities and material inelasticity. The accuracy of this software in non-linear analysis of framed structures was evaluated against experimental results during the 'concrete column blind prediction contest, 2010' (UCSD, San Diego, USA) and '15 WCEE blind test challenge' (LNEC, Lisbon, Portugal). Moreover, Rodrigues et al. (2011) and Smyrou et al. (2011) also performed non-linear analysis of the RC building models and compared their results with experiments. In both cases, results obtained from the SeismoStruct software correlated with experimental results.
In the present study, nonlinear analyses of the building models are performed with adaptive pushover and dynamic time history analyses. For the adaptive pushover analyses, a response spectrum provided in the Indian seismic code is used (IS 1893 (IS , 2002 because the Nepal building code does not possess suffi cient data required for standard design consideration. Currently, most of the engineered buildings in Nepal were designed based on the Indian seismic code. Earthquake ground motion histories are important for dynamic analyses of the structures. Although many earthquakes have been reported in the history of Nepal, no accelerations have been recorded. Due to the lack of time history data in Nepal, the dynamic analyses in this study were performed with generated time history data. Three different artifi cially generated time history records for Nepal, with increasing peak ground acceleration (PGA) values ranging from 0.07 g to 0.51 g, were used (Parajuli, 2009) . For inelastic time history analyses these time history data were scaled for the intermediate values.
Artifi cially generated PGA for various return periods are tabulated in Table 2 and presented in Fig. 12 . 
Modelling of bare frame structures
The computer program SeismoStruct (2006) was used, adopting a lumped plasticity model for the RC frame elements. The numerical analysis is based on bare frame building modelling with three-dimensional models. In the analyses performed in this paper, half of the larger dimensions of the cross-section is considered as the plastic hinge length with fi bre discretisation at the section level.
The concrete model used is based on the Madas and Elnashai (1992) uniaxial model, which follows the constitutive law proposed by Mander et al. (1988) . The cyclic rules included in the model are for confi ned and unconfi ned concrete in accordance with the Martinez-Rueda (1997) and Elnashai and Elghazouli (1993) proposals. The confi nement effects provided by transverse reinforcement were considered through the rules proposed by Mander et al. (1988) , whereby constant confi ning pressure is assumed throughout the entire stress-strain range, traduced by the increase in the peak value of the compression strength and the stiffness of the unloading branch.
The uniaxial model proposed by Menegotto and Pinto (1973) , coupled with the isotropic hardening rules proposed by Filippou et al. (1983) , was adopted for the reinforcement steel representation in these analyses. This steel model does not represent the yielding plateau characteristic of the mild steel virgin curve. The model takes into account the Bauschinger effect, which is relevant for the representation of the columns' stiffness degradation under cyclic loading. The model adopted in the analyses performed in this study is represented in Figs. 7-11.
Modelling of infi ll panels
Masonry infi ll panel is a composite constructional material of brick units and mortar joints. Due to the unique characteristics of individual materials, its material and geometrical properties can vary to a large extent in practical application. Nowadays, two fi nite element modelling techniques: a) micro-models (plane fi nite element) and b) macro-models (equivalent strut models) are adopted for numerical analysis of infi ll panels. The fi rst group of models is based on continuum theory, providing relatively accurate computational representation of both material and geometrical aspects of masonry infi ll panels, but they are computationally extensive and diffi cult to apply for numerical analysis of large-scale structures. Macro models, on the other hand, use equivalent diagonal struts which are capable of describing the most common failure modes of masonry infi ll panels, which are of the most practical importance and of the greatest interest for engineers. The obvious advantage in terms of computational simplicity and effi ciency makes the macro-models preferable for analyzing global responses of masonry in-fi lled frames with adequate precision.
As shown in Fig. 13(a) , the infi ll panel is represented in the equivalent strut model by six strut members. Each diagonal direction features two parallel struts to carry axial loads across two opposite diagonal corners and a third one to carry the shear from the top to the bottom of the panel. This latter strut only acts across the diagonal that is under compression; hence its activation depends on the deformation of the panel. The axial load struts use the masonry strut hysteresis model, while the shear strut uses a dedicated bilinear hysteresis rule. The hysteresis X oi rules for the two struts models are shown in Fig. 13(b) (Crisafulli, 1997; Smyrou et al., 2011) . Also, as can be observed in Fig. 13(a) four internal nodes are employed to account for the actual points of contact between the frame and the infi ll panel (i.e., to account for the width and height of the columns and beams, respectively), whilst four dummy nodes are introduced with the objective of accounting for the contact length between the frame and the infi ll panel. All internal forces are transformed to the exterior four nodes, where the element is connected to the frame. The geometrical and mechanical properties of the strut members can be determined in terms of the geometrical parameters and material properties of the masonry infi ll panel.
In this study, the Seismostruct (2006) computer program is used for modelling the infi ll panels of the structures. It is based on a fi nite element package capable of predicting the large displacement behavior of frames under static or dynamic loading, considering both geometric non-linearities and material inelasticity. For numerical analyses of masonry panels, the fi nite element program of an advanced double-strut nonlinear cyclic model is used. The double-strut model is satisfactorily precise and less complicated than the single and triplestrut models, and can represent more accurately the local effect between infi ll and frame (Crisafulli, 1997) . The idealization of an infi ll panel is based on the assumption that there is no bond between frame and infi ll. The brick masonry infi ll is modelled as a diagonal strut member whose thickness is the same as that of the masonry and whose length is equal to the diagonal length between compression corners of the frame. The effective width of the diagonal strut depends on various factors including; contact length, aspect ratio of the infi ll, and the relative stiffness of the frame and the infi ll. The effective width of the strut is calculated with the Paulay and Priestley (1992) approach. The infi ll panel openings are taken into account by reducing the value of strut area (i.e., the compression/tension strut cross-section) by a value that ranged between 30% and 50% (Smyrou et al., 2011) . These percentages are comparable with those proposed by Pinho and Elnashai (2000) .
Analysis and interpretation of results
Results of the numerical analyses are presented in this section. The responses of structures with and without masonry infi ll panel are compared. Similarly, the effect of load pattern on seismic response of structures is addressed. For this capacity curves obtained from static pushover analysis with uniform and triangular load pattern is compared with adaptive pushover analysis. The infl uence of masonry infi ll on seismic response of structure is studied with capacity curve, inter-storey drift, energy dissipation, rotation, and global/local response of structure. Moreover, parametric analysis of the structures is performed to evaluate sensitivity to the properties of the infi ll panel. In the last sub-section, the vulnerability of the infi ll masonry structure is addressed.
Natural frequencies
The fundamental period is an inherent property of a structure and it depends on the building fl exibility and mass of the structures. Masonry infi ll panels embedded in RC frames can infl uence the dynamic response of the structure to various degrees, according to their mechanical properties and geometrical distribution. In this study, eigen-value analysis is performed in order to determine the fundamental period of structures. The results indicate that the introduction of infi ll reduces drastically the period of vibration in all building models. Figure 14 indicates that fi rst three modes are very important for performance evaluation of the buildings. Similarly, the period of vibration of buildings in X, Y and rotation (XY) is presented in Table 3 . It indicates that the fundamental period of vibration of NRCB1, NRCB3 and NRCB4 building models is along the X-direction (both IN and BF case). Stiffening is provided by the infi lls, indicated by a decrease in the fundamental periods of the structure. From the analysis of all the building models, it can be seen that dynamic characteristics directly affect the seismic response of the structures. Moreover, analysis indicates that structures associated with higher frequencies have better performance as compared to those with lower frequencies.
Pushover analysis
Infl uence of load pattern on structural response
In this study, the capacity curves obtained from static pushover analysis with uniform and triangular load patterns are compared with that from adaptive pushover analysis. The comparison of capacity curves for different pushover methods indicates that the strength and stiffness of a structure largely depend on the lateral force distribution. In bare frame structure (BF), the 'Uniform' distribution load pattern (U) generally leads to a pushover curve with higher elastic stiffness, higher yield strength, and lower yield displacement. The 'Triangular' distribution (T), on the other hand, leads to a pushover curve with lower elastic stiffness, lower yield strength, and higher yield displacement. The Adaptive Pushover (A) gives a pushover curve that is bounded by the pushover curves for uniform and triangular distributions. Briefl y, in bare frame structures, uniform, adaptive, and triangular load patterns represent, respectively, an upper, intermediate and lower bound of the capacity curve in the analysis cases. There is a consistency of results in all the bare frame buildings. However, in the case of masonry infi ll structures, the capacity curves vary. The same load pattern can lead to dissimilar capacity curves. Representative capacity curves from different load patterns for building models 1, 2, 3 and 5 are presented in Fig. 15 . Adaptive pushover analysis has the intermediate capacity curve which lies between those for uniform and triangular load patterns, for both bare frame (BF) and masonry infi lls (IN) structures. From these analyses it can be concluded that the intermediate outcomes may be considered the more reliable results. Therefore, the adaptive pushover analysis method is adopted in this study.
Seismic performance of structures with and
without infi ll The presence of infi ll panels increases the stiffness and strength of the system. This is confi rmed by studying the pushover curves for bare frame and infi ll masonry structures. From Fig. 16 , it can be observed that engineered buildings with masonry infi ll have a stiffness that is (4-12) times higher than that of the bare frame structure. Similarly, the stiffness is increased by more than 20 times for non-engineered building structure. However, the increase in stiffness is limited to (7.5-12) in well designed structure (NRCB5 building model). With regard to strength, it can be observed that masonry infi ll increases strength over the bare frame in engineered, non-engineered and well designed structures, by a factor of (3-4.5), (6.3-7.7), and (2.4-2.5), respectively. The allocation of various performance points on bare frame and masonry infi ll structures are based on the criteria discussed in Section 2.4. As shown in Fig. 16 , the well designed, engineered and non-engineered structures with a bare frame (BF) have high, intermediate and poor performance levels, respectively. However, engineered and non-engineered structures with infi ll show similar behaviour. These structures do not have the distinct differences in performance point (IO, LS, CP and C) allocation. On the other hand, the well designed structure with infi ll shows an improved performance level. In fact, when a strong infi ll wall is in place the primary elements reach a crisis before the capacity of the panel is exhausted. The presence of masonry infi ll thus leads to a stiffer structure and enhanced capacity of the structure.
Non-linear dynamic analysis
To understand the complex interaction between masonry infi ll and reinforced concrete frames, certain structural parameters are studied with dynamic time history analysis. Dynamic time history analysis is a more refi ned method of analysis, used for obtaining seismic response of structures. In this subsection, the performance of the structure in terms of inter-storey drift (IS), total energy dissipation, global and storey level response, rotation, parametric analysis and seismic safety assessment is discussed.
Maximum inter-storey drift profi les
The inter-storey (IS) drift for structures with and without infi ll panels is presented in Fig. 17 . As indicated in the fi gure, there is a considerable reduction of IS drift due to the presence of infi ll masonry panels in both engineered and non-engineered buildings. In most of the cases, non-engineered buildings have surprising drift values at different fl oor levels. However, the introduction of masonry infi ll walls considerably reduces the IS drift, by more than half compared with bare frame structures. It is interesting to observe that, in the structures with infi ll, the responses of the ground and fi rst storeys are quite different. In the ground storey, a regular behavior can be observed for all panels, whereas on the fi rst storey the response is much more variable. It is due to the fact that the presence of infi ll panel induces an increase in the stiffness and strength of the system.
Energy dissipation
Energy dissipation capacity is an important indicator of the structure's ability to withstand severe ground motion. This parameter can be determined from the area enclosed by the hysteretic loops of the load-deformation relation. The total energy dissipation of the studied buildings is calculated by using dynamic time history analysis. As indicated in Fig. 18 , the trends of energy dissipation for the buildings (both bare frame and infi ll masonry) are not uniform. In most of the cases bare frame structures have the higher energy dissipation capacity. Fig. 17 Inter-storey drift profi les with and without masonry infi ll in (a) X and (b) Y direction
However, in building Models 1 (in X direction) and 2 (both X and Y directions), structures with masonry infi ll have higher energy dissipation capacity which may be due to the effect of light RC elements in these structures (mostly in the non-engineered structures).
Global and local level response
The global and local level response of the structure is studied through dynamic time history analysis. For global response the obtained result is plotted with base shear versus roof displacement whereas local level response is studied with ground-storey base shear vs. ground-storey drift. Results show that infi ll panels increase the global strength and stiffness of the structure. As expected nonengineered structure (NRCB1) has very low performance levels for both bare frame and infi ll cases. In the global force displacement plot, deformations of a structure with a bare frame and with infi ll exhibit greater differences. Conversely, the differences are minimal in the groundstorey shear vs. ground-storey drift plot (see Fig. 19 ). Moreover, the infi ll accumulates all the forces in the ground storey. This can be seen from the IS drift profi le and ground-storey shear-drift plots. The ground-storey shear-drift diagram for the structure with infi ll shows a rapid decrease in strength after reaching its maximum value.
Rotation
To study the effect of irregularity on seismic response of structures, one irregular and one regular building with and without infi ll are considered. The effect of infi ll is clearly apparent in the irregular building model. Due to the torsional effect on irregular building, the masonry infi ll wall accumulates all the earthquake forces in the ground storey of the building, resulting in greater rotation in the fi rst fl oor (NRCB4). However, masonry infi ll signifi cantly reduces the rotation in a regular structure (NRCB2). Results presented in Fig. 20 indicate that the introduction of masonry infi ll has both positive and negative effects. Masonry infi ll signifi cantly reduced the rotation of the structure in NRCB2 (i.e., improves the seismic response of the structure). However, in NRCB4 the presence of infi ll signifi cantly increases the fl oor rotation of the structure (i.e., infi ll can cause unexpected damage to the structure). 
Infl uence of material properties on building response
Reinforced concrete structures with masonry infi ll are used extensively in urban areas of Nepal. Masonry panels are usually built up after the frames and fl oor structures have been constructed. While designing the structures, structural engineers largely ignored the infl uence of masonry panels when selecting the structural confi guration, assuming that these brick masonry panels are brittle elements compared with the frame. The design practices of neglecting the infi ll lead to inaccuracy in predicting the lateral strength, stiffness, and ductility of the structure. The varied material properties (such as compressive strength, tensile strength, modulus of elasticity) of infi ll masonry panels are responsible for large variations in the performance of structures (Pradhan, 2012; Pradhan et al., 2010; Buratti et al., 2010; Williams et al., 2009) . Thus, in this study, the effect of material properties on the response of the infi ll masonry structure is addressed. For this, the diagonal compressive strength, modulus of elasticity and tensile strength of the brick masonry panel are selected as study parameters. Initially, variations of these parameters are set as the 25% and 50% levels based on a review of the available literature (D´Ambrisi et al., 2013; Rajeev and Tesfamariam, 2012; Schotanus et al., 2004) .
Parametric analysis
In this section, the infl uence of the variation in material properties of the masonry infi ll, namely diagonal compressive strength (f m ), young's modulus of elasticity (E m ), and tensile strength (f t ), are studied. The results from the variation of each parameter can be expressed in terms of maximum roof displacement, maximum interstory drift (IS), and maximum base shear.
Results indicate that the effect of variation of the diagonal compressive strength on the structure is clearly apparent in all building models. The maximum interstorey drift (IS) is decreased by 34% and 64% when the diagonal compressive strength of masonry is increased by 25% and 50%, respectively. For the same ratio of the increment of f m value, the maximum displacement is decreased by 28% and 53%, respectively. However, the maximum inter-storey drift is increased to 180%, for the 25% reduction of diagonal compressive strength of masonry (f m ) panel. In short, a reduction in the diagonal compressive strength of brick masonry wall plays an important role in increasing the inter-storey drift in nonengineered buildings. When the reduction of f m value is pushed to 50%, numerical instabilities in the structures result. Furthermore, the variation in base shear is limited to 40% for all building models. Variations of the young's modulus of the masonry infi ll panels change the structural behavior to a certain extent for all the studied buildings. However, variation of the tensile strength does not have so much effect when compared with the other parameters. As indicated in Fig. 21 , it can be concluded that the performance of structures is dominated by the diagonal compressive strength of the masonry infi ll panel. There is very minor fl uctuation in the structural response due to variations in the young's modulus and tensile strength of the masonry panel.
Effect on reduction of diagonal compressive strength on global response of structure
Results obtained in Section 6.1 indicate that a reduction in the diagonal compressive strength of the infi ll masonry wall plays an important role in the seismic behavior of the structures. Therefore, non-linear dynamic analysis is further conducted with the nominal (2.3 N/mm 2 ), 25% -reduced (1.725 N/mm 2 ) and 50% -reduced (1.15 N/mm 2 ) values of the diagonal compressive strength of a masonry panel with increasing peak ground accelerations. Figure 22 presents the infl uence of material properties on the response of non-engineered (NRCB2) (Fig.  22(a) ) and engineered (NRCB3) (Fig. 22(b) ) building models. In both of these building models, initially the masonry infi ll panel signifi cantly improves the response of buildings by reducing the inter-storey drift. However, the maximum inter-storey drift value increased greatly at lower diagonal compressive strength of masonry. Initially at lower ground motion, structures with both the normal and reduced material properties have similar behaviors up to 0.25 g PGA value. The behaviors of the structures divert with increasing ground motion values. This shows that a reduction in the diagonal compressive strength of materials leads to favorable result to a certain extent, but for stronger ground motions, it has a negative effect on structures. The excessive increase in the interstorey drift due to lower compressive strength may lead to failure of the structure as a result.
Vulnerability effects on global behavior of structures
In order to assess the seismic vulnerability of the buildings under study, results of the structures with and without masonry infi ll are compared with maximum drift demands and the basic performance objectives proposed by FEMA-356 (2000) and Ghobarah (2004) . These proposed values have been used by several authors to assess the safety of RC buildings and they provide a guideline on acceptable performance of such structures. Figure 23 presents the vulnerability curves for the buildings, including drift limits for ductile momentresisting frame, non-ductile moment-resisting frame and moment-resisting frame with infi lls proposed by FEMA-356 (2000) and Ghobarah (2004) . It can be observed that the maximum displacement and maximum IS drift of non-engineered buildings appeared at 0.513 g. The introduction of infi ll panels dramatically decreases the maximum displacement and corresponding IS drift in all structures. The effect is more pronounced in nonengineered buildings. For example, at 0.25 g PGA, the maximum roof displacement of the non-engineered building is more than 0.15 m whereas it is less than 0.10 m in the engineered and well designed structures. Similarly, for the same ground motion, the maximum IS drift in non-engineered structures is greater than 2.5% whereas it is limited to 1% in the remaining structures. As expected, infi ll panels greatly increase the strength and stiffness of the structures. The rate of increase of the maximum base shear is clearly apparent up to 0.38 g PGA. This indicates that infi ll works well within a certain level of ground motion.
Seismic safety assessments of the bare frame and masonry infi ll structures are performed based on standard guidelines discussed in Subsection 2.4 and presented in Table 1 . Comparing the maximum storey drift demands for bare frame structures within the limit states, it is observed that non-engineered (NRCB1, NRCB2) buildings are under the minimum drift limit level. However, engineered (NRCB3 and NRCB4) buildings are safe within the life safety level. The well designed structures (NRCB5) are quite safe for all performance levels. However, in all the studied building models, the introduction of masonry infi ll panels drastically modifi es the performance of all building structures.
Conclusions
Masonry infi ll panels have a complex behavior due to their unique material properties and to the interaction with the surrounding frames. Therefore, the response of such structures is highly complex and depends on many factors ranging from material properties to workmanship. This study presents an extensive case study regarding the analysis of existing RC buildings in Nepal. The effect of masonry infi ll panels on the response of the structure was quantifi ed by comparison with a bare frame through non-linear analysis. Similarly, sensitivity analyses of infi ll masonry structures were performed by varying the diagonal compressive strength, modulus of elasticity and tensile strength of the infi ll panels. Moreover, seismic safety assessment was also performed using standard guidelines.
The results can be summarized as follows:  The seismic performance of a structure is The maximum roof displacement predicted by the infi ll model is about 80% of that for the bare frame model.  The introduction of infi ll wall reduces considerably the inter-storey drift, by more than 50% of the bare frame structures. Structures with infi ll walls have well-distributed inter-storey drift profi les. Hence, ignoring the effect of the masonry infi ll would lead to under-estimation of the seismic performance of structures.
 The introduction of infi ll panel modifi es the frame action of a moment-resisting frame structure, adding a combined frame and truss action between frame and masonry infi ll wall. Hence, the infi ll model has more axial force in columns than the bare frame.
 The presence of infi ll panels alters the structural response to horizontal forces in both X and Y directions. Engineered buildings have an increased stiffness (4-12) times in the X direction and 10 times in the Y direction. These values become more than 20 times for nonengineered building structures. However, in the well designed structure, the enhanced stiffness is limited to 12 and 7.5 times in the X and Y directions, respectively. With regard to strength, it can be observed that masonry infi ll is (3-4.5), (6.3-7.7) and (2.4-2.5) times higher in strength than bare frame in engineered, non-engineered and well designed structures, respectively.
 The introduction of infi ll panels signifi cantly increases the stiffness of the structures resulting in a decrease in the natural vibration periods of the buildings.
 In bare frame structures, uniform, adaptive, and triangular load patterns represent an upper, intermediate, and lower boundary, respectively, of the capacity curve in all the analysis cases. However, corresponding results are somewhat diverse for structures with masonry infi ll; the same loading case may lead to dissimilar capacity curves.
 Parametric analysis based on variation in material properties, viz., compressive strength, modulus of elasticity and tensile strength of masonry infi ll, indicate that the diagonal compressive strength of masonry has a signifi cant infl uence on the performance of structures as compared with other parameters.
 Comparing the maximum storey drift demands for bare frame structures within the limit states, it is observed that non-engineered building structures are under the minimal drift limit level. Engineered buildings are safe within the life safety level, and the well designed structure behave quite safely at all performance levels. In most of the cases, infi ll increases the safety level of the structures within a certain range of ground motion.
 Due to the torsional effect on irregular structures, masonry infi ll panels accumulate all the earthquake forces on the fi rst fl oor of the structures, resulting in higher rotation of the fi rst fl oor. However, infi ll panels signifi cantly reduce the rotation in regular structures. Hence, masonry infi ll panels can signifi cantly improve the seismic response of a structure or they can cause unexpected damage; the infl uence of masonry infi ll on the seismic performance of structures should not be ignored.
 A reduction in the diagonal compressive strength of materials has favorable results within a certain level of ground motion. However, if strength is further reduced, adverse effects may result for higher magnitude of shaking. This is exactly the case of softstories when infi ll cannot take any more loads. Thus, the choice of the diagonal compressive strength of the masonry infi ll panel plays a very important role in the response of a structure.
